A specific predictor during routine follow-up to ascertain risk for relapse after standard chemotherapy in non-Hodgkin's lymphoma (NHL) has not been identified. Thus, we studied absolute lymphocyte count (ALC) as a marker of poststandard chemotherapy (rituximab, cyclophosphamide, adriamycin, vincristine and prednisone (R-CHOP)) NHL relapse in patients with diffuse large B-cell lymphoma (DLBCL). ALC was obtained at the time of confirmed relapse and at last follow-up. /l (N ¼ 46) (Po0.0001). This study suggests that lymphopenia measured by ALC can be used as a marker to assess risk of DLBCL relapse during routine follow-up after standard chemotherapy.
Introduction
The current recommendation for long-term follow-up in patients with non-Hodgkin's lymphoma (NHL), who are not participating in clinical trials, by the National Comprehensive Cancer Network is a follow-up every 3-6 months or as clinically indicated. 1 The European Society of Medical Oncology's recommendations for follow-up in NHL include follow-up every 3 months for 2 years, every 6 months for 3 years and then once a year. 2 The European Society of Medical Oncology 2 also recommended blood counts and lactate dehydrogenase (LDH) at 3, 6, 12 and 24 months, then only as needed for evaluation of suspicious symptoms or clinical finding in those patients suitable for further therapy. Regarding imaging studies, the European Society of Medical Oncology 2 recommended minimal adequate radiological examinations at 6, 12 and 24 months after the end of treatment by computed tomography (CT) scans when indicated by site of disease. There is no evidence to show that scheduled surveillance CT scans or positron emission tomography improves clinical outcomes and the patient and physician can identify relapse more than 80% of the time without the need for imaging studies. 3, 4 Therefore, the utilization of radiological examinations has been left to the discretion of the physician to use as needed to evaluate suspicious symptoms or clinical findings that suggest relapse. 3, 4 However, complete blood cell count and serum chemistry, including LDH, have been recommended for each follow-up visit. 3, 4 Risk factors used to assess clinical outcomes in NHL patients treated with standard therapy are identified before treatment implementation, such as the international prognostic index (IPI) 5 or gene expression profiling. 6, 7 Even though these risk factors are useful to guide physicians in the identification of patients who would benefit from standard therapy, a limitation of these risk factors is that they are tested at one point in time. An inexpensive factor that could be monitored during follow-up after standard therapy and predicts relapse would be a powerful tool to help clinicians identify patients who might require further evaluation for relapse. In NHL, LDH has been reported to have a sensitivity of 42% and a specificity of 85% to predict relapse during follow-up in diffuse large B-cell lymphoma (DLBCL). 8 Recently, absolute lymphocyte count (ALC) at diagnosis, as a surrogate marker of host immunity, has been reported to be a prognostic factor for clinical outcomes in DLBCL.
9-11 Thus, we set out to investigate whether ALC at the time of confirmed relapse or at last follow-up, obtained from a complete blood cell count as recommended in follow-up for DLBCL, is a marker for relapse after standard therapy in DLBCL.
Materials and methods

Patient population
To participate in this study, patients were required to have a diagnosis of de novo DLBCL; be treated with rituximab, cyclophosphamide, adriamycin, vincristine and prednisone (R-CHOP) with or without consolidation radiation therapy at the discretion of the attending physician; and be followed up at Mayo Clinic, Rochester. Patients with primary DLBCL central nervous system lymphoma, transformed NHL, postsolid organ transplant lymphoproliferative disorder, positive human immunodeficiency virus or progressed during R-CHOP were excluded from the study. Patients who underwent up-front autologous stem cell transplantation after R-CHOP were also excluded. From 20 December 2000 until 28 July 2006, 149 DLBCL patients qualified for the study. Data from DLBCL patients were collected prospectively and entered into a computerized database. No patients were lost to follow-up. All patients gave written, informed consent allowing the use of their medical records for medical research. Approval for the retrospective review of these records was obtained from the Mayo Clinic Institutional Review Board and was in accordance with US federal regulations and the Declaration of Helsinki.
End point
The primary end point of the study was to assess whether ALC at the time of confirmed relapse or at last follow-up is a reliable marker to predict relapse after R-CHOP in DLBCL. The ALC was obtained from the complete blood cell count. 12 
Risk factors for relapse
Risk factors tested in the study included ALC at the time of confirmed relapse or at last follow-up, LDH at the time of confirmed relapse or at last follow-up, IPI 3 (ageX60, extranodal sites X2, LDH (abnormal versus normal levels), performance status X2 and stage (I/II versus III/IV)), postchemotherapy consolidation radiation and ALC at diagnosis (ALC at diagnosis X800 cells/ml). This cutoff value for the ALC at diagnosis was based on data from reported studies. 
Response
Response criteria were based on criteria from the Lymphoma International Workshop. 1 Relapse was defined as any new lesions or increase by X50% of previously involved sites from nadir. 7 The time to relapse was measured from the date of completed treatment to relapse. Last follow-up was measured from the date of completed treatment to the day of last follow-up or death in patients without any evidence of relapse.
Statistical analysis
To assess the effect of ALC at the time of confirmed relapse or at last follow-up on relapse after R-CHOP, the relapse end point was examined both as cumulative incidence and cumulative hazard function plot. The cumulative incidence explicitly accounts for death from other causes besides lymphoma as competing risks and was estimated using Gooley's method. 13 The hazard function is the principal estimable quantity in competing risks, which can be viewed as a probability of failure specifically resulting from a cause in a small interval of time, given that no failure of any kind has occurred thus far. The cumulative hazard function L (t) equals the value of its corresponding hazard function summed up to time t.
14 The cumulative hazard function was calculated using the Nelson-Aalen estimator. 15 The association between ALC at the time of confirmed relapse or at last follow-up and risk factors with the incidence of relapse was also explored using logistic regression models.
The choice of optimal cutoff of ALC at the time of confirmed relapse or at last follow-up was based on its utility as a marker for relapse using box plot, receiver operating characteristics curves and area under the curve. w 2 -tests were used to determine relationships between categorical variables. The Wilcoxon-rank test was used to determine associations between continuous variables and categories, and Pearson's correlation coefficients were used to evaluate associations for continuous variables. The Mahalanobis distance was used as an independent approach to assess the robustness of the Pearson correlation. All P values represented were two sided and statistical significance was declared at Po0.05.
Results
Patient characteristics
The median age at the time of diagnosis for this cohort of 149 DLBCL patients was 65 years (range: 19-87 years). The distribution of additional baseline characteristics for these patients is presented in Table 1 and is summarized on the basis of whether patients had an ALC o0.96 Â 10 9 /l versus ALC X0.96 Â 10 9 /l at last follow-up or at the time of confirmed relapse. The only differences between the groups were ALC at diagnosis, bone marrow involvement at diagnosis, IPI, LDH at diagnosis and stage at diagnosis. Despite these differences, we identified no association between ALC at the time of confirmed relapse or at last follow-up and ALC at diagnosis (P ¼ 0.1), bone marrow involvement at diagnosis (P ¼ 0.1), IPI (P ¼ 0.1), LDH at diagnosis (P ¼ 0.7) and stage at diagnosis (P ¼ 0.1).
The median follow-up on living patients (N ¼ 107) in this cohort was 41 months (range: 4.7-70.9). In all, 37 (25%) patients had confirmed relapse after R-CHOP with a median time to relapse of 10.6 months (range: 5.3-97.1 months). Of the 42 (28%) patient deaths, 26 (62%) were due to relapse of lymphoma and 16 (38%) due to nonlymphoma causes, including 8 patients with heart attack, 2 patients with congestive heart failure, 2 patients with pneumonia, 2 patients with melanoma, 1 patient with brain hemorrhage and 1 patient with acute myelogenous leukemia.
ALC at the time of confirmed relapse or at last follow-up after R-CHOP
In an attempt to identify risk factors during follow-up that predict relapse after R-CHOP, we assessed the utility of ALC at the time of confirmed relapse or at last follow-up after R-CHOP as a marker for this relevant clinical outcome. Despite some overlap, the box plot showed that patients without evidence of relapse (N ¼ 112) at last follow-up had a higher ALC compared with those with relapse (N ¼ 37) after R-CHOP (median ALC Â 10 9 /l of 1.43 (range: 0.33-4.0) versus 0.67 (range: 0.18-1.98), Po0.0001, respectively) ( Figure 1 ). Receiver operating characteristics and area under the curve analysis showed that ALC at follow-up was a significant marker for relapse after R-CHOP (area under the curve ¼ 0.91, Po0.0001; Figures 2). On the basis of these results, an ALC cutoff at follow-up of 0.96 Â 10 9 /l was considered optimal. Therefore, this cutoff is evaluated for ALC at follow-up in all subsequent analyses in this study.
To assess the predictive value of ALC for relapse at the time of follow-up after R-CHOP, a contingency table was created between ALC X versus o0.96 Â 10 9 /l at last follow-up and relapse status after R-CHOP (Table 2) . Of the 46 patients with an ALC o0.96 Â 10 9 /l, 71% experienced relapse compared with 3.8% with an ALC X0.96 Â 10 9 /l (Po0.0001). The sensitivity and specificity for ALC at the time of confirmed relapse or at last follow-up was 89 and 88%, respectively. The relative risk of relapse with an ALC o0.96 Â 10 9 /l at the time of confirmed relapse or at last follow-up was 18.7 (95% cumulative incidence : 7.01-49.59) with an odds ratio of 63.5 (95% cumulative incidence : 19.3-208.1). The positive predictive value with an ALC o0.96 Â 10 9 /l at the time of confirmed relapse or at last follow-up was 72% and the negative predictive value with an ALC X0.96 Â 10 9 /l at the time of confirmed relapse or at last follow-up was 96%. The positive likelihood ratio for relapse with an ALC o0.96 Â 10 9 /l was 7.4. The negative likelihood ratio for relapse with an ALC X0.96 Â 10 9 /l was 0.1. The crude incidence rate of relapse was 25% (37 of 150). The 5-year cumulative incidence rate for an ALC o0.96 Â 10 9 /l at the time of confirmed relapse or at last follow-up was 79% compared with 6% for an ALC X0.96 Â 10 9 /l at the time of confirmed relapse or at last follow-up (Po0.0001) (Figure 3 ). The 5-year cumulative hazard rate for an ALC o0.96 Â 10 9 /l at follow-up was 2.1 compared with 0.05 for an ALC X0.96 Â 10 9 /l at the time of confirmed relapse or at last follow-up (Po0.0001) (Figure 4 ). Abbreviations: ALC, absolute lymphocyte count; ANC, absolute neutrophil count; BM, bone marrow; IPI, international prognostic index; LDH, lactate dehydrogenase; Plts, platelets; PR, partial remission; R-CHOP, rituximab, cyclophosphamide, adriamycin, vincristine and prednisone; WBC, white blood cell count; xRT, radiation therapy.
Univariate and multivariate logistic regression
Logistic regression models for predicting relapse after R-CHOP further indicate that ALC at the time of confirmed relapse or at last follow-up is significantly correlated with this clinical outcome (Po0.0001), with an odds ratio of 63.4 (Table 3 ). Other significant factors for relapse after R-CHOP in the univariate setting included ALC at diagnosis, elevated LDH at diagnosis and at the time of confirmed relapse or at last follow-up, IPI, post-R-CHOP consolidation radiation therapy and stage. When these factors were accounted for in addition to ALC at the time of confirmed relapse or at last follow-up in a multivariate logistic regression model (Table 4) , ALC at the time of confirmed relapse or at last follow-up remained a significant correlate for relapse after R-CHOP (Po0.0001). An ALC o0.96 Â 10 9 /l at the time of confirmed relapse or at last follow-up was associated with an adjusted odds ratio for relapse after R-CHOP of 42.3 (95% cumulative incidence : 10.8-189). The LDH at the time of confirmed relapse or at last follow-up was nearly statistically significant (P ¼ 0.07). We identified no association between post-R-CHOP consolidation radiation therapy and ALC at the time of confirmed relapse or at last follow-up (P ¼ 0.9). In addition, there was no difference between the groups (ALC X0.96 versus ALC o0.96) regarding hemoglobin, white blood cell count, absolute neutrophil count or platelet count obtained at last follow-up or at the time of confirmed relapse ( Table 1) . Of the 37 patients with relapse, 3 (8%) had positive bone marrow involvement, all of whom had an ALC o0.96 Â 10 9 /l at the time of confirmed relapse.
Detection of relapse
Of the 37 cases with proven relapsed disease, further evaluation for relapse was carried out in 21 (57%) cases because of patient's symptoms, 4 (11%) cases because of physical findings during routine physical examination and 12 (32%) cases because of CT or positron emission tomography scan findings ordered by the attending physician. Thus, in 68% of cases, relapse was suggested by the combination of patient's symptoms and physical findings on routine physical examination. In the 12 cases in which patients presented without any symptoms or physical findings and relapse was identified by CT or positron emission tomography scans, 10 of 12 (87%) cases had an ALC o0.96 Â 10 9 /l and 4 of 12 (33%) cases had an abnormal LDH.
ALC and LDH at the time of confirmed relapse or at last follow-up after R-CHOP LDH at the time of confirmed relapse or at last follow-up after R-CHOP in this study showed a statistical trend as a risk factor for relapse after R-CHOP. LDH is considered as a surrogate marker for tumor burden in NHL. Similarly, ALC can be considered as a surrogate marker of host immunity. 11 Thus, using these two standardized, low-cost biomarkers, we assessed whether there was any correlation between tumor burden and host immunity. We identified a negative correlation between ALC and LDH before (r ¼ À0.36, Po0.0001) and after (r ¼ À0.32, Po0.0001) outliers identified by the Mahalanobis distance were eliminated ( Figure 5 ). As a result of this negative correlation and the fact that both markers are associated with relapse when checked during follow-up after R-CHOP, we assessed the cumulative incidence of relapse combining both markers. We found a lower cumulative incidence of relapse in patients with a higher ALC Table 4 Logistic regression multivariate analysis for relapse after R-CHOP Abbreviations: ALC, absolute lymphocyte count; IPI, international prognostic index; LDH, lactate dehydrogenase; OR, odds ratio; PS, performance status; R-CHOP, rituximab, cyclophosphamide, adriamycin, vincristine, and prednisone; w 2 , chi square. The degree of freedom for the statistical analysis was 1. Figure 5 Scatter plot comparing absolute lymphocyte count (ALC) at follow-up and lactate dehydrogenase (LDH) at follow-up post-rituxan, cyclophosphamide, adriamycin, vincristine and prednisone (R-CHOP). A negative correlation was identified between ALC and LDH at follow-up after APHSCT. Arrows indicate those points that according to the Mahalanobis distances are outliers. R1 and R2 correspond to the Pearson's r values before and after eliminating possible outliers. The regression line was estimated after the elimination of outliers. /l experienced a higher CI of relapse regardless whether the LDH was normal or abnormal at follow-up compared with a lower CI of relapse with an ALC X0.96 Â 10 9 /l regardless whether the LDH was normal or abnormal at follow-up post-R-CHOP. P-values for high ALC/normal LDH versus high ALC/abnormal LDH was 0.1, high ALC/normal LDH versus low ALC/normal LDH was o0.0001, high ALC/normal LDH versus low ALC/abnormal LDH was o0.0001, high ALC/abnormal LDH versus low ALC/normal LDH was o0.001, high ALC/abnormal LDH versus low ALC/abnormal LDH was o0.0004 and low ALC/normal LDH versus low ALC/abnormal LDH was 0.09. compared with patients with a lower ALC, regardless of whether LDH was normal or abnormal at follow-up after R-CHOP ( Figure 6 ).
Discussion
The current risk factors used to assess prognosis in NHL patients treated with standard therapy are identified before treatment. [5] [6] [7] [8] [9] [10] [11] However, a limitation of these risk factors is that they are tested at one point in time and they are assumed to retain their predictive ability to determine clinical outcome at any time after standard therapy. An ideal risk factor is a risk factor that has the ability to predict not only future clinical outcomes but also clinical outcome at any given time point after therapy has been implemented. Therefore, we set out to investigate whether ALC checked at any given time during follow-up is a marker of relapse in DLBCL patients treated with R-CHOP.
This study shows that DLBCL patients with confirmed relapse at follow-up had a lower ALC compared with those without evidence of relapse at last follow-up after R-CHOP. A low ALC at the time of confirmed relapse or at last follow-up was associated with a high odds ratio, high relative risk, high sensitivity, high positive predictive value, high cumulative hazard rate and high cumulative incidence for relapse compared with a high ALC at the time of confirmed relapse or at last follow-up, which was associated with a high specificity, high negative predictive value and low cumulative hazard rate and cumulative incidence for relapse after R-CHOP.
In accordance with the literature, in 68% of the relapsed cases, 3 the detection of relapse was triggered by patients' symptoms or physical examination findings. Of the 12 cases in which unsuspected relapse was detected by CT or positron emission tomography scan, 87% of the cases had a low ALC and only 33% had an abnormal LDH. These results suggest that DLBCL patients with no symptoms or physical findings and a low ALC at follow-up may require imaging to detect relapses.
The association of decreased ALC and increased risk of NHL relapse could be the result of either (a) primary failure of immune surveillance yielding a permissive systemic immunological environment allowing for clinical NHL relapse or (b) primary NHL relapse driven by tumor-associated events that in turn produce mediators of immune suppression manifesting as a decrease in ALC. The data presented in this study are unable to distinguish between these two possibilities. However, to the extent that ALC can be viewed as a surrogate marker of immune competence, there are numerous examples in which the presence of competent systemic immunity directly affects NHL biology. Possibly the best clinical example in support of this notion is the natural history of posttransplant lymphoproliferative disorders. 16 In this context, a frequently effective therapeutic intervention against NHL is a simple reduction of immunosuppression, currently used as 'standard of care'. An associated, although less-profound clinical observation, is the association of ALC and efficacy of rituximab therapy in patients with low-grade NHL. 17 Patients with normal ALC have a significantly higher likelihood of good clinical outcomes following rituximab therapy relative to those with low ALC. Assuming that one aspect of effective rituximab therapy is its ability to mediate antibody-dependent cellular cytotoxicity, presence of competent immunity (reflected by normal ALC) seems to be critical to clinical outcomes. However, despite these associations, a mechanistic explanation for the increased risk for NHL in patients who show low ALC can only be addressed in an appropriately designed prospective clinical trial in which relevant analyses of both systemic immunity and tumor phenotype can be studied. Such an endeavor is currently under way. Nevertheless, on the basis of presented data, the association between ALC and NHL relapse seems to be clinically useful in judging risk for NHL relapse in patients in clinical follow-up after R-CHOP.
To minimize the inherent biases of a retrospective study, the following steps were taken. First, we selected only patients with de novo DLBCL and excluded other presentations of DLBCL such as primary central nervous system lymphoma, posttransplant lymphoproliferative disorder or transformed NHL, because these presentations of DLBCL are not treated uniformly. Second, we selected patients with de novo DLBCL, because de novo DLBCL is the most common lymphoma type for which R-CHOP is indicated as the standard of care, regardless of prognostic factors such as IPI or gene expression profiling. 18, 19 Third, we could not identify any medications, infections or post-R-CHOP consolidation radiation therapy that could have affected the ALC at follow-up.
The strengths of this study included the analysis of a large cohort of uniformly treated sequential patients with prolonged follow-up. This study identifies a worldwide, standardized and low-cost risk factor to assess risk of relapse after R-CHOP. To our knowledge, this study is the first to identify ALC at follow-up as a marker to assess relapse at any given point in time during follow-up after R-CHOP in DLBCL. Thus, our study suggests that the ALC at follow-up can be used as a simple, inexpensive tool to alert clinicians of relapse during follow-up after R-CHOP in DLBCL.
